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ABSTRACT

Background: Data on outcome for patients in different body mass index (BMI) categories in young
adults with acute lymphoblastic leukemia (ALL) are scarce. We explored survival and toxicities in differ-
ent BMI categories in young adults with ALL.

Material and methods: Patients aged 18-45 years, diagnosed with ALL between July 2008 and June
2022 in the Nordic countries, Estonia, or Lithuania, and treated according to the NOPHO ALL2008
protocol, were retrospectively enrolled and classified into different BMI categories. Endpoints were
overall survival (OS), event-free survival (EFS) and cumulative incidence of relapse as well as incidence
rate ratio (IRR) of severe predefined toxic events, and treatment delays.

Results: The group comprised 416 patients, of whom 234 (56%) were stratified to non-high-risk (non-
HR) treatment. In the non-HR group, patients with severe obesity, BMI >35 kg/m2 had worse EFS due
to relapses but there was no effect on toxicity or treatment delays compared with the healthy-weight
patients. There was no association between BMI category and OS, overall toxicity, or treatment delays
in the patients with high-risk treatment.

Conclusion: Severe obesity is associated with worse EFS in young adults treated according to the
non-HR arms of the NOPHO ALL2008 protocol. Poorer outcome is explained with a higher risk of
relapse, possibly due to under treatment, and not caused by excess therapy-related mortality.
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Background With improved survival in ALL, focus has shifted towards
therapy-related toxicity to decrease morbidity and mortality.
Severe toxicity often leads to therapy interruptions and
protocol deviations, which may compromise treatment out-
come [13,14]. Obesity might lead to under- or overtreatment,
for example due to off-protocol dose-reductions in patients
with extreme body weight, pharmacokinetics differences,

and increased chemotherapy resistance. High BMI has been

As the prevalence of overweight and obesity increases,
patients with unhealthy body mass index (BMI) are more fre-
quently encountered in hematology and oncology. Obesity
has been associated both with a generally increased risk of
cancer, an increased incidence of acute lymphoblastic leuke-
mia (ALL), as well as increased mortality after diagnosis of
ALL [1-4]. Obese children with ALL have lower overall sur-

vival (OS) and an increased risk of relapse [5-10]. In two
pediatric studies, obesity was associated with increased risk
of relapse and decreased event-free survival (EFS), but only
in children older than 10years, suggesting higher vulnerabil-
ity with increasing age [7,10]. In adults, studies of obesity
and survival or relapse are scarce but suggest that obese
patients have poorer outcomes [11,12].

associated with a higher risk of hepatic toxicity, pancreatitis,
hyperglycemia, hypertonia, hyperlipidemia, and neutropenic
fever, as well as thromboembolism and osteonecrosis in
older children [7,15-23]. Studies on the impact of unhealthy
BMI on risk of severe treatment-related complications in
young adults with ALL are limited. Stock et al. observed that
hepatic toxicity, hyperglycemia, and thrombotic toxicities
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during induction were more frequent in obese compared to
non-obese young adults with ALL [12]. Furthermore, in
adults undergoing allogeneic hematopoietic stem cell trans-
plantation (HSCT), underweight has been associated with
poorer survival [24,25].

We previously showed that obese pre-adolescents and
adolescents (10— <18years) with ALL have a higher relapse
risk and worse outcome when treated with the non-high-risk
(non-HR) NOPHO (Nordic Society of Paediatric Haematology
and Oncology) ALL2008 protocol than their non-obese coun-
terparts [10,20]. The same treatment protocol has been used
for young adults. The purpose of this study was to explore
the impact of obesity on outcome and the occurrence of tox-
icity in young adults with ALL treated according to the
Nordic/Baltic ALL treatment protocol, NOPHO ALL2008.

Material and methods
Study group

Patients aged 18-45years, diagnosed with Philadelphia-
negative B cell-precursor (BCP) or T-cell ALL between July
2008 and June 2020 in the Nordic (Sweden, Norway,
Denmark, Finland) and Baltic (Estonia and Lithuania) coun-
tries and treated with the pediatric NOPHO ALL2008 proto-
col, were identified from the prospective NOPHO ALL2008
registry and retrospectively included in this multicenter regis-
try cohort study. Follow-up ended in March 2023. Patients
with Down syndrome (n = 3), pre-treatment (n=5) and previ-
ous cancer (n=1) were excluded, as were patients with miss-
ing registry data on BMI (n=16), outcome (n=2), or
treatment (n=6) (Supplementary Figure 1). The patients
were classified into five different BMI categories: under-
weight (<18.5kg/m?); healthy weight (normal weight; 18.5-
<25 kg/m?); overweight (25- <30 kg/m?); obese (class | obes-
ity; 30- <35 kg/mz); and severely obese (class Il obesity;
>35kg/m?) [26].

Treatment protocol

The treatment protocol has been described previously [27-
29]. Patients were assigned to standard risk (SR), intermedi-
ate risk (IR), or high risk (HR) treatment, based on leukemia
characteristics at diagnosis and minimal residual disease
(MRD) in bone marrow during or after induction therapy
(day 29). Non-HR (SR and IR) patients were defined as those
with BCP ALL with white blood cell count > 100 x 10A9/L at
diagnosis or T-cell immunophenotype and <25% blasts at
day 15 and MRD <0.1% at day 29, or any patient with MRD
<5% on day 29 and <0.1% day 79 without unfavorable cyto-
genetics (11923 (KMT2A) rearrangement and/or hypodi-
ploidy). HR patients were defined as those with BCP ALL
with white blood cell count >100 x 10A9/L at diagnosis or T-
cell immunophenotype and MRD >0.1% at day 29, or any
patient with poor response (MRD >25% on treatment day
15, >5% day 29 or >0.1% day 79) or unfavorable cytogenet-
ics (11923 (KMT2A) rearrangement and/or hypodiploidy).
HSCT was indicated by poor response (day 29 MRD >5%, or

day 79 or post-block B1>0.1%). The patients received the
same treatment as pediatric patients (<18years). Shortly,
three-drug four-week induction treatment for patients with
SR and IR ALL included steroids (dexamethasone or prednis-
olone), weekly vincristine, intrathecal methotrexate x4 and
daunorubicin day 1 and 21. Patients then proceeded to con-
solidation (based on oral mercaptopurine, PEG-asparaginase,
and high-dose methotrexate) followed by one (SR) or two
(IR) delayed intensifications in the post-induction ALL ther-
apy. Patients with HR-ALL without HSCT received seven to
nine intensive chemotherapy blocks after induction before
delayed intensification. Oral mercaptopurine/methotrexate
maintenance therapy was continued to 2.5years from diag-
nosis. For dosing of all systemic chemotherapy, body surface
area (BSA) was used except for a capping dose of 2mg for
vincristine. In the protocol guidelines for dose management
of severely obese patients, dose adjustments were not
recommended.

Toxicity registration

The NOPHO ALL2008 registry included weight and height at
diagnosis, information on treatment response (MRD), start
date of each treatment phase, and reports on predefined
severe adverse events (SAEs) prospectively [28]. Toxicities
were registered during and after induction (day 29) and
thereafter every third month for all patients, as described
previously and defined in the legend of Table 1 [20]. As the
intensive HR block treatment with or without HSCT differs
significantly from the non-HR treatment, the HR-group was
analyzed separately.

Statistical analyses

Endpoints included EFS, cumulative incidence of relapse, OS,
and treatment-related mortality (TRM) in unhealthy BMI cate-
gories compared to healthy-weight patients. Survival analysis
for the HR patients were performed both together with the
non-HR patients and separately. Additional outcomes
included incidence rate ratio (IRR) of the measured SAEs, and
treatment delays, in the different unhealthy BMI categories
compared with the healthy-weight group. Treatment delays
were measured as time until start of the first maintenance in
non-HR patients and until start of treatment block 4 in HR-
patients.

Multivariable Cox proportional hazards regression models
adjusted for age at diagnosis, sex, and risk group were used
to compare relapse, EFS, TRM, and OS in different BMI cate-
gories. Adjustment for HSCT as a time-dependent co-variable
was made in patients who underwent HSCT in first complete
remission. EFS was calculated from the time of diagnosis to
relapse, secondary malignancy, death, or end of follow-up for
patients without events. The Kaplan-Meier method was used
for estimation of EFS, OS, and the probability of cumulative
incidence of relapse, in different BMI categories. Cumulative
incidence of relapse was calculated and visualized with sec-
ondary malignancy and death as competing risks [30].
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Poisson regression models were used in the IRR toxicity
analyses, offsetting for the logarithm of time at risk for tox-
icity, and adjusted for age, sex, and risk group. All patients
were censored at the end of therapy, time of relapse, loss to
follow-up or death of any cause, whichever came first.
Observed differences in proportions between groups with
categorical variables were tested using Fisher’s exact test.

Treatment delay was analyzed as the correlation coeffi-
cient and p-value between BMI as a continuous variable and
days of delay in each treatment phase. In categorical BMI
analyses, the median treatment delay for each unhealthy BMI
category was compared with the delay in the healthy weight
BMI category. A 2-sided p-value <0.05 was considered statis-
tically significant in all comparisons. Statistical analyses were
performed using IBM SPSS Statistics Version 28.0 (SPSS Inc.,
Illinois, USA) and R statistical software version 4.2.1 (R
Foundation for Statistical Computing, Vienna, Austria).

The NOPHO ALL2008 protocol was approved by the rele-
vant Ethical Review Board of each country and informed con-
sent was obtained according to the Declaration of Helsinki.
Separate ethical approval was required in Sweden for the
use of registered data in this study (registration numbers
2018/1888-31, 2020-01665, 2022-07011-02, and 2023-01141-
02). The STROBE cohort reporting guidelines were used in
the study [31].

Results
Patient characteristics

In total, 416 patients were included in the cohort, of whom
234 were non-HR and 182 were HR patients. Median age at
diagnosis was 25.9years in the non-HR and 28.1years in the
HR group. Median follow-up time for patients in complete
remission was 5.9 years (range 0.1 —13.5years). Patient char-
acteristics are summarized in Table 2. There were no signifi-
cant differences in BMI categories between the countries.
The proportion of obese/severely obese did not differ signifi-
cantly between non-HR and HR groups. Five patients died
during induction (3/243 with healthy weight and 2/95 with
overweight).

Survival and events

Non-HR

Almost one-fourth (23.9%; 56/234) of the non-HR patients
relapsed and 16.2% (38/234) died. The proportion of relapses
in the severely obese non-HR patients was 50% (6/12) com-
pared to 21.6% (30/139) in healthy-weight patients (p-value
= 0.04). The severely obese patients had an inferior EFS (haz-
ard ratio 2.60 [95% confidence interval, Cl, 1.08-6.27], p-value
= 0.03) compared to the healthy weight group due to the
high risk of relapse (hazard ratio relapse 2.98 [95% Cl 1.22-
7.27], p-value = 0.02). No association between EFS or relapse
was observed in the other BMI categories compared to the
healthy weight group. TRM and OS did not significantly differ
in any of the BMI categories (Figure 1 and Table 3). When
analyzing obese and severely obese as one group, they had

a tendency for worse OS (hazard ratio 2.12 [95% ClI 0.98-
4.56], p-value = 0.55), but not for worse EFS, relapse, or TRM,
compared to the healthy weight group.

HR-chemotherapy and HSCT

In the HR-chemotherapy group, 23/81 patients (28.4%)
relapsed and 32/81 (39.5%) died. There were no associations
between the BMI group and OS, EFS, TRM, or cumulative
incidence of relapse in the HR patients (Table 3 and
Supplementary Figure 2). This was also true when separately
analyzing patients stratified to the HR-chemotherapy and HR-
HSCT arms, and patients who actually underwent HSCT.

Severe acute toxicity

To explore whether acute toxicity could have contributed to
the adverse EFS in the severely obese, we analyzed the risk
for predefined severe acute toxicities in the five BMI groups.

SAE in non-HR patients
Adverse events during treatment among the non-HR patients
were common: 165/234 (70.5%) had one or more predefined
SAE during treatment. The proportions of having one or
more predefined SAE did not differ significantly between the
BMI categories (underweight n=8/9, 88.9%; healthy weight
n=98/139, 70.5%; overweight n=35/51, 68.6%; obese
n=18/23, 78.3%; severely obese n=6/12, 50%; p-value =
0.36). After adjusting for age, sex, and risk group, there were
no significant differences in the IRR analyses of having one
or more SAEs between healthy weight and the other BMI
categories, nor a correlation between BMI as a continuous
variable and number of patients with any SAE (Table 1).
When analyzing specific toxicities, there was a significantly
increased risk of hyperlipidemia (IRR 3.39 [95% ClI 1.20-9.47],
p-value = 0.02) and hyperglycemia (3.43 [95% CI 1.06-11.12],
p-value = 0.04) in the non-HR obese and a trend for
increased liver toxicity (IRR 4.10 [95% CI 0.82-20.56],
p=0.09) in the severely obese patients compared to healthy
weight patients (Table 1). Of note, there were no events of
hyperlipidemia and hyperglycemia registered in the severely
obese non-HR patients. When comparing linear associations
between BMI and the IRR for different severe toxicities,
besides hyperlipidemia and hyperglycemia, increasing BMI
correlated with increasing IRR also for severe liver dysfunc-
tion. We did not observe an increased risk for asparaginase-
associated toxicities (thrombosis, anaphylactic reaction,
osteonecrosis, and pancreatitis) nor truncation of asparagi-
nase in patients with high BMI. Underweight patients had
significantly increased IRR of osteonecrosis (IRR 3.32; [95% ClI
1.06-10.39], p-value = 0.04)) in the non-HR cohort, compared
to healthy weight patients.

SAEs in HR patients

Adverse events during treatment were registered in 53.3%
(97/182) of the HR patients. The proportions of having one
or more predefined SAE did not differ significantly between
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Table 2. Baseline patient characteristics for the overall study population and stratified by body mass index category.

Overall population Number (%) Under-weight  Healthy weight ~ Over-weight Obese Severe obese
Cohort 416 (100) 18 (4.3) 243 (58.4) 95 (22.8) 39 (9.4) 21 (5.0) p value
Age at diagnosis
Median age (range) 26.6 (18.0-45.9) 209 253 335 29.8 314 <0.001
18-<30 years 254 (61.1) 16 (88.9) 170 (70.0) 39 (41.1) 20 (51.3) 9 (42.9) <0.001
30-45 years 162 (38.9) 2 (11.1) 73 (30.0) 56 (58.9) 19 (48.7) 12 (57.1)
Sex
Male 263 (63.2) 9 (50.0) 144 (59.3) 69 (72.6) 1.8 13 (61.9) 0.09
Female 153 (36.8) 9 (50.0) 99 (40.7) 26 (27.4) 1 8 (38.1
White blood cell count (x10%/L) at diagnosis
<50 306 (73.6) 12 (66.7) 178 (73.3) 71 (74.7) 27 (69.2) 18 (85.7) 0.95
>50 - <100 36 (8.7) 2 (11.1) 22 (9.1) 7 (7.4) 4(10.3) 1(4.8)
>100 74 (17.8) 4(22.2) 43 (17.7) 17 (17.9) 8 (20.5) 2 (9.5)
Immunophenotype
B lineage 282 (67.8) 15 (83.3 158 (65.0) 66 (69.5) 24 (61.5) 19 (90.5) 0.06
T cell 134 (32.2) 3 (16.7) 85 (35.0) 29 (30.5) 15 (38.5) 2 (9.5)
Cytogenetics®
Normal 100 (24.0) 3 (16.7) 64 (26.3) 19 (20.0) 8 (20.5) 6 (28.6) 0.16
Low risk 49 (11.8) 6 (33.3) 32 (13.2) 9 (9.5) 2 (5.1) 0
Intermediate risk 21 (5.0) 0 13 (5.3) 2(2.1) 3(7.7) 3 (14.3)
High risk 44 (10.6) 2 (11.1) 23 (9.5) 14 (14.7) 3(7.7) 2 (9.5)
Other 170 (40.9) 7 (38.9) 92 (37.9) 43 (45.3) 19 (48.7) 9 (42.9)
No result/missing data 32 (7.7) 0 19 (7.8) 8 (8.4) 4 (10.3) 1(4.8)
Induction therapy
With prednisolone 247 (59.4) 11 (61.6) 143 (58.8) 52 (54.7) 22 (56.4) 19 (90.5) 0.03
With dexamethasone 169 (40.6) 7 (38.9) 100 (41.2) 43 (45.3) 17 (43.6) 2 (9.5)
Response MRD, day 20°
<0.1% 187 (45.8) 11 (61.1) 104 (43.5) 44 (47.8) 19 (50.0) 9 (42.9) 0.89
0.1-5% 139 (33.1) 4(22.2) 84 (35.1) 31 (33.7) 13 (34.2) 7 (33.3)
>5% 31 (7.6) 2 (11.1) 15 (6.3) 8 (8.7) 3(7.9) 3(143)
Day 15 > 25% 51 (12.5) 1(5.6) 36 (15.1) 9 (9.8) 3(7.9) 2 (9.5)
Missing data/decreased 8 0 4 3 1 0
Final risk stratification
Standard risk 71 (17.1) 5(27.8) 41 (16.9) 17 (17.9) 4(10.3) 4 (19.0) 0.58
Intermediate risk 163 (39.2) 4(22.2) 98 (40.3) 34 (35.8) 19 (48.7) 8 (38.1)
High risk chemotherapy 81 (19.5) 4(22.2) 46 (18.9) 21 (22.1) 9 (23.1) 1(4.8)
High risk HSCT 101 (24.3) 5(27.8) 58 (23.9) 8 (10.1) 6 (17.1) 6 (31.6)
Hematopoetic stem cell transplantation (HSCT)
No HSCT 324 (77.9) 14 (77.8) 191 (78.6) 72 (75.8) 32 (82.1) 15 (71.4) 0.86
HSCT in first complete remission 92 (22.1) 4(22.2) 52 (21.4) 23 (24.2) 7 (17.9) 6 (28.

Fisher exact test for distribution of predictors across body mass index categories.

2Cytogenetics. Low risk: hyperdiploidy, t(12;21); Intermediate risk: t(1;19), dic(9;21), iAmp21. High risk; hypodiploidy, KMT2A.

®MRD (minimal residual disease), day 29 is a response evaluation.

the BMI categories (underweight n=4/9, 44.4%; healthy
weight n=58/104, 55.8%; overweight n=20/44, 45.5%;
obese n=28/16, 50.0%; severely obese n=7/9, 77.8%; p-value
= 0.44). There was no significant difference in IRR of one or
more SAE during the HR ALL treatment after adjusting for
age and sex, comparing the four under- and overweight BMI
categories with healthy weight. Specific SAEs of special inter-
est are presented in Supplementary Table 1.

Treatment delays

The non-HR patients had a median delay of 19days (inter-
quartile range, IQR, 25) from diagnosis until the start of first
maintenance while the HR patients had a median delay to
start of HR block 4 of 26days (IQR 29 days). There were no
significant differences in the median delay between the dif-
ferent treatment periods or the time from diagnosis to start
of maintenance 1 (corresponding to day 134 (SR) and day
148 (IR)) or the median time to start of HR block 4 in the dif-
ferent BMI categories, nor was there any linear association
between BMI and median delay/time.

Discussion

We studied the effect of unhealthy BMI on predefined treat-
ment-related severe toxicities, treatment delays, and out-
come of leukemia treatment to better understand the
prognostic impact of body composition on ALL in young
adults up to 45 years of age. We have previously shown that
older obese children treated with the non-HR NOPHO
ALL2008 protocol have a worse EFS and higher risk of
relapse compared to children with healthy BMI [10]. Since
the same protocol was used up to the age of 45years, we
wanted to explore whether unhealthy BMI had a similarly
negative impact on outcomes in older individuals treated
according to the same protocol. We show that in line with
older non-HR obese children, the severely obese non-HR
young adults had a higher risk of relapse than their healthy
weight counterparts. However, severe obesity was not associ-
ated with a higher risk of TRM, predefined SAEs, or treatment
delays.

In a meta-analysis on obese adults with leukemia, Costello
et al. showed an association between increased BMI (obesity)
and increased mortality. However, no reason for the higher
mortality could be identified [1]. Wiedewuilt et al. compared
obese adolescents and young adults (AYA) with non-obese
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Figure 1. Kaplan Meier curves illustrating the effect of body mass index (BMI)
classification on overall survival (A), event-free survival (B), and cumulative inci-
dence of relapse (C) in young adults stratified to standard or intermediate risk
protocol. For the assessment of cumulative incidence of relapse, death was
treated as a competing risk.

patients, aged 16-39years with ALL in first remission treated
according to a pediatric protocol with or without HSCT. They
found both a two-fold inferior disease-free survival (DFS) and

OS, as well as a higher relapse rate, in obese compared to

non-obese patients. The non-relapse mortality was also
increased two-fold [11]. The inferior prognosis in the obese
group was observed both in patients receiving only chemo-
therapy as well as those who underwent HSCT. In a smaller
study, Stock et al. also describe worse DFS in the obese AYA
population as well as a tendency for worse survival [12].
Another study showed inferior EFS in obese children and
adolescents aged 1-20years with HR ALL [18]. In contrast,
BMI had no impact on EFS or OS in HR patients in our
cohort. The difference may be due to the very intensive HR
therapy in the 2008 protocol potentially decreasing the
effect of BMI categories. Only in non-HR patients with severe
obesity could we observe a significantly decreased EFS, due
to a higher risk of relapse. Yet, despite a three-fold increased
risk of relapse in severely obese non-HR patients, we could
not detect an association with inferior OS and obesity or
severe obesity in young adults separately, although there
was a tendency to inferior OS when obese and severely
obese patients were analyzed together. Our cohort of
severely obese patients is small, decreasing its impact on OS.

One possible explanation causing a higher risk of relapse
in severely obese patients is treatment modification, resulting
in undertreatment. Dose reductions in the obese and espe-
cially the severely obese young adults may be more com-
mon than in normal-weight patients due to fear of
overtreatment. We explored the impact of BMI and the risk
of SAEs separately in the non-HR group, where high BMI and
risk of relapse were associated, and found no evidence of
increased toxicity or TRM in obese or severely obese patients.
The latest American Society of Clinical Oncology (ASCO)
guidelines recommend full treatment doses in adult obese
patients and there are very few reports on increased toxicity
in obese compared to non-obese in general [32]. Our study
supports the ASCO guidelines on full-dose treatment in
obese ALL patients to reduce the risk of relapse.

In our cohort, more than 15% of the non-HR patients
were classified as obese or severely obese. In comparison, of
the children treated according to the same protocol, 2.8% of
all children and 4.3% of adolescents over 10years were
obese. Obesity is thus significantly more prevalent in young
adult ALL patients. As weight gain is a gradual process,
severely obese adults may have been obese already in ado-
lescence. In this way, the findings may be connected.
However, it is also possible that there is no causal relation-
ship between obesity and the high relapse rate and the asso-
ciation with obesity may be a surrogate marker for another
underlying surrogate marker for genetic susceptibility leading
to more aggressive ALL.

We observed a toxicity rate regarding predefined specific
reported toxicities of approximately 70% in the non-HR
group, which is in line with toxicity rates observed in older
children (69%), but higher compared to young children
treated according to the same protocol (49%) [20,33]. Studies
on the association between toxicity and BMI in children with
ALL have shown a higher risk of toxicity in those classified as
obese, especially liver toxicity, pancreatitis, and hypergly-
cemia [7,16,18,20,34,35]. The association between high BMI
and treatment-related toxicity in young adults is less well
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Table 3. Multivariate Cox regression hazard ratios for relapse, event-free survival, overall survival and treatment related death according to body mass index

categories.
Hazard Ratio (95% confidence interval)

Underweight vs Overweight vs Obese vs Severe obese vs
Cohort Healthy weight p Healthy weight p Healthy weight p Healthy weight p
All patients
Relapse risk 0.48 (0.15-1.54) 0.22 1.15 (0.72-1.84) 0.56 0.80 (0.39-1.61) 0.53 1.72 (0.85-3.49) 0.13
Overall survival 0.60 (0.18-2.05) 0.42 1.16 (0.73-1.84) 0.53 1.03 (0.53-2.00) 0.92 1.07 (0.46-2.49) 0.87
Event-free survival 0.68 (0.27-1.68) 0.40 1.11 (0.73-1.68) 0.62 0.75 (0.40-1.42) 0.38 1.50 (0.75-2.82) 0.27
Treatment-related death 2.65 (0.57-12.44) 0.22 0.79 (0.27-2.32) 0.67 0.78 (0.17-3.54) 0.74 0.72 (0.09-5.59) 0.75
Standard and intermediate risk group
Relapse 0.79 (0.19-3.38) 0.75 1.18 (0.58-2.38) 0.65 1.24 (0.51-3.03) 0.64 2.98 (1.22-7.27) 0.02
Overall Survival no event 1.34 (0.58-3.08) 0.49 2.23 (0.91-5.45) 0.08 1.91 (0.56-6.47) 0.31
Event free survival 0.76 (0.18-3.25) 0.72 1.22 (0.63--.35) 0.55 1.29 (0.56-2.97) 0.55 2.60 (1.08-6.27) 0.03
Treatment-related death no event 1.64 (0.25-10.54) 0.60 1.70 (0.17-17.0) 0.65 no event
High risk group
Relapse risk 0.28 (0.04-2.08) 0.22 1.02 (0.53-1.96) 0.95 0.47 (0.14-1.54) 0.21 1.03 (0.31-3.44) 0.95
Overall survival 0.83 (0.23-2.97) 0.78 1.07 (0.61-1.87) 0.82 0.55 (0.21-1.49) 0.24 0.75 (0.26-2.20) 0.60
Event-free survival 0.84 (0.20-3.59) 0.81 1.09 (0.52-2.25) 0.83 0.41 (0.10-1.73) 0.22 0.89 (0.21-3.84) 0.88
Treatment-related death 3.07 (0.63-14.99) 0.17 0.58 (0.15-2.52) 0.43 0.40 (0.06-4.02) 0.51 0.82 (0.10-6.72) 0.86

Significant results are marked in bold Multivariable Cox proportional hazards regressions adjusted for age at diagnosis, sex, and risk group were used to com-
pare events in different body mass index categories. Adjustment for hematopoietic stem cell transplantation (HSCT) as a time-dependent co-variable was made

in patients that underwent HSCT in first complete remission.

explored, but a study on asparaginase-related toxicity in
young adults treated with pediatric protocols demonstrated
an increased risk of hepatotoxicity [36]. We observed a ten-
dency for liver dysfunction within the obese or severely
obese BMI categories, and a correlation of BMI and increas-
ing IRR for liver dysfunction. Non-alcoholic fatty liver disease
is prevalent in obese individuals and may have contributed
to more pronounced hepatotoxicity. As only severe liver tox-
icity was registered, we may have missed patients with less
serious liver dysfunction. The asparaginase dose for young
adults treated with the NOPHO ALL2008 protocol was lower
(1000 IE/m2) compared to other protocols, which might also
have affected the incidence of severe liver dysfunction. We
observed an association with high BMI and a higher risk of
hyperglycemia during induction and hyperlipidemia. The
underweight patients had a higher incidence of osteonecro-
sis, which is often diagnosed later in the treatment and thus
more seldomly leads to treatment modifications or
delays [37].

In children, truncation of asparaginase has been discussed
as a possible factor for increased relapse rate [13,14] and
indeed in our previous study, older obese children had more
asparaginase-related toxicities than healthy-weight children
[20]. However, obese or severely obese adults with ALL
treated according to the same protocol did not have a
higher risk of truncation or more asparaginase-related toxic-
ities (thrombosis, pancreatitis, anaphylactic reaction, osteo-
necrosis) than the healthy-weight group. There is a known
association between thrombosis and increasing age in
patients treated with ALL, as well as an increased risk of
thrombosis in obese patients in general [38]. We expected to
find higher IRR for thrombosis with increasing BMI. Yet, there
was no association between higher BMI and an increasing
risk of thrombosis. As several other factors contribute to
thrombosis risk under ALL treatment, and thromboprophy-
laxis is commonly used during ALL treatment, particularly in
adults, our study may not be powered to detect the impact
of obesity on thrombosis.

A major limitation of this study is the small cohort of
patients with severe obesity and the lack of data on dose
adjustments of the chemotherapeutic agents except for
asparaginase. The results should therefore be interpreted
with caution. Other limitations include that only predefined
SAEs were registered and that data on other expected toxic-
ities such as infection and less severe liver- or kidney dys-
function, are missing. As we only had data on BMI at
diagnosis and not during treatment, we could not study
whether a change in BMI during treatment contributed to
the outcome.

The association between obesity and increased risk for
cancer and inferior outcome is known, but the reasons
behind this are not understood. We explored the role of
BMI as a prognostic factor in young adults with ALL. We
show that severely obese patients had increased relapse
rates but not more predefined SAEs, treatment delays, or
higher risk of treatment-associated death than the healthy-
weight group in young adults treated with the NOPHO
ALL2008 protocol. One may speculate that obesity can lead
to undertreatment due to the fear of toxicity. To study the
effect of treatment deviations, modifications of chemothera-
peutic doses should be registered in future studies.
Furthermore, a better understanding of the negative impact
of obesity on ALL outcome requires more research on the
biology of adipose tissue, hormonal and genetic interac-
tions, as well as better understanding of pharmacokinetics
in patients with extreme BMI.
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